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,QWURGXFWLRQ
&RQVWUDLQW LV WKH UHVLVWDQFH RI D VWUXFWXUH DJDLQVW SODVWLF GHIRUPDWLRQ WKH ORVV RI FRQVWUDLQW LQFUHDVHV WKH ORDG
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:LWKLQWKHIUDPHZRUNRIJHRPHWU\FRQVWUDLQWLQSODQHDQGRXWRISODQHFRQVWUDLQWVVRPHFRQVWUDLQWSDUDPHWHUV
VXFKDVKT >@JQ >@JA2 >@TZ >@HWFKDYHEHHQVXJJHVWHG WRFKDUDFWHUL]H WKHFRQVWUDLQWHIIHFW7KHVH
















WKHFRQVWUDLQWSDUDPHWHUApFDQEHXVHG WRTXDQWLI\VWUHQJWKPLVPDWFKDQG WKHXQLILHGFRUUHODWLRQRI LQSODQHDQG
RXWRISODQHFRQVWUDLQWZLWKIUDFWXUHWRXJKQHVVFDQEHHVWDEOLVKHGIRUWKHELPHWDOOLFMRLQWZLWKVWUHQJWKPLVPDWFK
,Q WKLV SDSHU WKH ELPHWDOOLF MRLQW FRQVWLWXWHGZLWK$ IHUULWLF VWHHO DQG$OOR\0ZDV VHOHFWHG 7KH DUHDV
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2.2. Specimen geometry 
















$     
$OOR\0E     
2.3. Finite element model 
7KHFRPPHUFLDOILQLWHHOHPHQWFRGH$%$486ZDVXVHGWRFDOFXODWHWKHJ-LQWHJUDODQGHTXLYDOHQWSODVWLFVWUDLQ
İp GLVWULEXWLRQV DKHDG RI FUDFN WLSV 7KH WKUHHGLPHQVLRQDO ' ILQLWH HOHPHQW PRGHOV IRU WKH VSHFLPHQV ZLWK
GLIIHUHQW LQSODQH DQG RXWRISODQH FRQVWUDLQWV ZHUH EXLOW DQG HLJKWQRGH LVRSHULPHWULF HOHPHQWV ZLWK UHGXFHG
LQWHJUDWLRQ&'5ZHUHXVHGIRUDOOWKHVSHFLPHQV7KHW\SLFDOILQLWHHOHPHQWPHVKHVIRUWKHVWDQGDUGVSHFLPHQ
DUHLOOXVWUDWHGLQ)LJE6LQFHWKHFUDFNWLSUHJLRQFRQWDLQVVWHHSVWUHVVDQGVWUDLQJUDGLHQWVWKHPHVKUHILQHPHQW
VKRXOG EH PRUH DW WKH FUDFN WLS 7KXV D FRQYHQWLRQDO PHVK FRQILJXUDWLRQ KDYLQJ D IRFXVHG ULQJ RI HOHPHQWV
VXUURXQGLQJ WKHFUDFNIURQWZDVXVHGZLWKDVPDOO LQLWLDO URRW UDGLXVȝPDW WKHFUDFNWLSEOXQW WLS WRHQKDQFH
FRQYHUJHQFH RI WKH QRQOLQHDU LWHUDWLRQV DV VKRZQ LQ )LJ F 7KH W\SLFDO PRGHO LQ )LJ E FRQWDLQV 






2.4. GTN damage model 
'XFWLOHFUDFNJURZWKLQPHWDOVLVDUHVXOWRIQXFOHDWLRQJURZWKDQGFRDOHVFHQFHRIPLFURYRLGV,QRUGHUWRREWDLQ
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7KH *71 PRGHO FRQWDLQV QLQH SDUDPHWHUV LQ JHQHUDO WKH FRQVWLWXWLYH SDUDPHWHUV q1 q2 DQG q3 WKH YRLG
QXFOHDWLRQSDUDPHWHUVfNİȃ DQG SN WKHLQLWLDOYRLGYROXPHIUDFWLRQf0 WKHFULWLFDOYRLGYROXPHIUDFWLRQfCDQGWKH
¿QDOIDLOXUHSDUDPHWHUfF7RVLPSOLI\WKHFRPSOH[FDOLEUDWLRQSURFHVVIRUWKHVHSDUDPHWHUVWKHYDOXHVRI qqDQG
qDUHXVXDOO\ IL[HG WREHq q q q DQG WKHYDOXHVRIİQ DQGS1 KDYHEHHQXVHGIRU ORZ
DOOR\ VWHHOV LQ PRVW LQYHVWLJDWLRQV >@ 7KH SDUDPHWHUV f f1 fF DQG f) DUH FRPPRQO\ REWDLQHG E\ ¿WWLQJ WKH
QXPHULFDO UHVXOWRIJUHVLVWDQFHFXUYHZLWKH[SHULPHQWDO UHVXOW >@,Q WKHSUHYLRXVZRUNRIDXWKRUV>@WKHVH
SDUDPHWHUVff1fFDQGf)RIWKH$DQG0EKDYHEHHQREWDLQHGDQGWKHLUDSSOLFDELOLW\IRUVSHFLPHQVZLWK
GLIIHUHQW FRQVWUDLQWV KDV DOVR EHHQ YDOLGDWHG E\ H[SHULPHQWV 7KH*71PRGHO SDUDPHWHUV REWDLQHG IRU WKH$
VWHHODUHf f1 fF DQGf) ZKLOHWKH0EDUHf f1 fF DQGf) 
7KH ORDGYHUVXV ORDGOLQHGLVSODFHPHQWFXUYHVFDQEHREWDLQHGIURP WKH)(0VLPXODWLRQV:LWK LQVWDQWDQHRXV
FUDFN OHQJWKVREWDLQHG DW HDFK ORDGLQJSRLQW D FUDFNJURZWK UHVLVWDQFH FXUYH J- a' FXUYH FDQEHGHWHUPLQHG LQ
UHIHUHQFH WR WKH UHVLVWDQFH FXUYHSURFHGXUHZKHUHPXOWLSOH SRLQWV DUHGHWHUPLQHG IURPD VLQJOHVSHFLPHQ WHVW DV
VSHFL¿HG LQ $670 ( >@ 7KH FUDFN H[WHQVLRQ OHQJWK ia' FRUUHVSRQGLQJ WR HDFK ORDGLQJ SRLQW i FDQ EH
PHDVXUHG IURP WKH FUDFNJURZWK VLPXODWLRQ VWHS$V WKHGXFWLOH FUDFNSDWK LV ]LJ]DJ LQ WKH VLPXODWLRQ WKH FUDFN
JURZWKH[WHQVLRQ ia' LVGHILQHGDVDGLVWDQFHRIWKHSURMHFWLRQRIWKHDFWXDOFUDFNJURZWKSDWKGRZQRQWKHLQLWLDO
FUDFN SODQH 7KH GXFWLOH FUDFN JURZWKV RI WKH 6(1% VSHFLPHQV XQGHU GLIIHUHQW FRQVWUDLQW FRQGLWLRQV ZHUH
QXPHULFDOO\VLPXODWHGE\XVLQJWKH*71PRGHOEDVHG)(0DQGWKHJ a' FXUYHVZHUHREWDLQHG,QRUGHUWRLQFOXGH
WKH EOXQWLQJ HIIHFW WKH QXPHULFDO UHVLVWDQFH FXUYHV ZHUH FRUUHFWHG E\ DGGLQJ KDOI RI WKH &72' YDOXH WR a' 
 a' FRUUHFWHG a' &72'>@7KHGXFWLOHIUDFWXUHWRXJKQHVVJICRIWKHVSHFLPHQVZHUHGHWHUPLQHGE\WKHPP
RIIVHWOLQHLQWKHJ a' FXUYHV
1XPHULFDOUHVXOWVDQGGLVFXVVLRQ










3.2. The areas surrounded by İp isolines under different magnitudes of J-integral 
7KHVSHFLPHQZLWKa/W B PPDQGW PPW BLVFRQVLGHUHGDVDVWDQGDUGVSHFLPHQ7KHGLIIHUHQW
HTXLYDOHQWSODVWLFVWUDLQİpLVROLQHVİp DQGDWJ .-PDQGJ .-PIRUVWDQGDUGVSHFLPHQ
ZHUHFDOFXODWHGDVVKRZQLQ)LJVDDQGEUHVSHFWLYHO\,WFDQEHVHHQWKDWWKHGLVWULEXWLRQRIHTXLYDOHQWSODVWLF
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VWUDLQDKHDGRIFUDFNWLSLVDV\PPHWULFGXHWRWKHORFDOKHWHURJHQHRXVPHFKDQLFDOSURSHUWLHVWKLVLVGLIIHUHQWIURP
WKHİpLVROLQHVDWJ .-PDQGJ .-PIRUKRPRJHQHRXVPDWHULDO$VWHHODVVKRZQLQ)LJVFDQGG
7KH DUHDV VXUURXQGHG E\ İp LVROLQHV DURXQG WKH FUDFN WLS LV VPDOO DW J .-P ZKHQ WKH JLQWHJUDO UHDFKHG







3.3. Correlations of fracture toughness with APEEQ for specimens with different constraints 
,QRUGHU WRH[DPLQHZKHWKHURUQRW WKHAPEEQ DUHDVXUURXQGHGE\HTXLYDOHQWSODVWLFVWUDLQ LVROLQH LVDXQLILHG
PHDVXUH RI FRQVWUDLQW IRU ELPHWDOOLF MRLQW WKH APEEQ YDOXHV LQ WKH PLGGOH SODQH RI WKH VSHFLPHQ IRU YDULRXV İp
LVROLQHV İp    DQG  DKHDG RI FUDFN WLSV DW J JIC ZHUH FDOFXODWHG 7KH UHODWLRQV EHWZHHQ IUDFWXUH







)LJDIUDFWXUHWRXJKQHVVYHUVXVWKH APEEQVXUURXQGHGE\ İp LVROLQHIRUWKHVSHFLPHQVZLWKGLIIHUHQWFRQVWUDLQWVEİp DQG
7KH UHDVRQ IRU WKLV LV WKDW WKH JHQHUDO \LHOGLQJ DQG ODUJHU SODVWLF GHIRUPDWLRQV KDYH EHHQ SURGXFHG SULRU WR
IUDFWXUH 7KH DUHDV VXUURXQGHG E\ İp  LVROLQH KDYH EHHQ DSSDUHQWO\ LQIOXHQFHG E\ WKH SODVWLF GHIRUPDWLRQV
RXWVLGH RI WKH FUDFNWLS UHJLRQ DW IUDFWXUH )LJ E LW FDQ¶W DFFXUDWHO\ FKDUDFWHUL]H WKH FUDFNWLS SODVWLF
GHIRUPDWLRQZKLFKLVUHODWHGWRFUDFNWLSFRQVWUDLQW+RZHYHUWKHİp DQGLVROLQHVVWLOOH[LVWLQWKHFUDFN
WLSUHJLRQDQGDUHQRWDIIHFWHGE\WKHSODVWLFGHIRUPDWLRQVRXWVLGHRIWKHFUDFNWLSUHJLRQ)LJD,WLVLQWHUHVWLQJ
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3.4. Unified correlation of in-plane and out-of-plane constraint with fracture toughness for bimetallic joint 
$IWHU EHLQJ QRUPDOL]HG E\ WKH UHIHUHQFH WRXJKQHVV Jref DQG UHIHUHQFH DUHDAref RI WKH VWDQGDUG VSHFLPHQ WKH
QRUPDOL]HG IUDFWXUH WRXJKQHVV JIC/Jref DJDLQVW WKH VTXDUH URRW pA RI WKH FRQVWUDLQW SDUDPHWHU Ap IRU WKH İp 
LVROLQHFDQEHSORWWHGDQGDVVKRZQLQ)LJ ,WFDQEHVHHQ WKDW WKHUH LVD OLQHDUUHODWLRQEHWZHHQ WKHJIC/JrefDQG












7KHJIC/Jref  pA OLQHLQ)LJLVDXQLILHGFRUUHODWLRQOLQHRI LQSODQHDQGRXWRISODQHFRQVWUDLQWZLWKIUDFWXUH
WRXJKQHVV RI ELPHWDOOLF MRLQW ,W FDQEH XVHG WR GHWHUPLQH FRQVWUDLQW GHSHQGHQW IUDFWXUH WRXJKQHVV RU VWUXFWXUDOO\
UHOHYDQWIUDFWXUHWRXJKQHVV,IWKHUHIHUHQFHIUDFWXUHWRXJKQHVVJrefRIVWDQGDUGVSHFLPHQZLWKKLJKFRQVWUDLQWDQGWKH
XQLILHG FRQVWUDLQW SDUDPHWHUV
pA RI WKH RWKHU VSHFLPHQV DUH REWDLQHG E\ )(0 FDOFXODWLRQV RU H[SHULPHQWV WKH
JIC/Jref  pA UHIHUHQFH OLQH VXFK DV LQ )LJ FDQ EH EXLOW $QG WKH FRQVWUDLQW GHSHQGHQW IUDFWXUH WRXJKQHVV RU
VWUXFWXUDOO\ UHOHYDQW IUDFWXUH WRXJKQHVV FDQ EH GHWHUPLQHG IURP WKH UHIHUHQFH OLQH ,WPD\ EH XVHG WR DVVHVV WKH




RISODQH FRQVWUDLQWV ZHUH REWDLQHG WKURXJK WKH )(0 EDVHG RQ *71 GDPDJH PRGHO DQG WKH )(0ZDV XVHG WR
FDOFXODWH WKHİpGLVWULEXWLRQVDKHDGRIFUDFN WLSV IRU WKH VSHFLPHQVZLWKGLIIHUHQWFRQVWUDLQWV)XUWKHUPRUH WKHAp
ZDV DQDO\]HG DV D XQLILHG PHDVXUH RI FRQVWUDLQW WR REWDLQ WKH XQLILHG FRUUHODWLRQ RI FRQVWUDLQW ZLWK IUDFWXUH
WRXJKQHVVRIDELPHWDOOLFMRLQW7KHPDLQUHVXOWVREWDLQHGDUHVXPPDUL]HGDVIROORZLQJ







 7KHUH H[LVWV D VROH OLQHDU UHODWLRQ EHWZHHQ WKH JIC/Jref DQG pA UHJDUGOHVV RI WKH FRQVWUDLQW OHYHOV IRU
ELPHWDOOLF MRLQW 7KH JIC/Jref  pA OLQH FDQ EH UHJDUGHG DV D XQLILHG UHIHUHQFH OLQH WR FKDUDFWHUL]H WKH
GHSHQGHQFHRIPDWHULDO¶V IUDFWXUH WRXJKQHVVRQFRQVWUDLQW DQGFDQEHXVHG WRREWDLQFRQVWUDLQWGHSHQGHQW






>@ : %URFNV: 6FKPLWW 7KH VHFRQG SDUDPHWHU LQ -5 FXUYHV FRQVWUDLQW RU WULD[LDOLW\" LQ &RQVWUDLQW (IIHFWV LQ )UDFWXUH 7KHRU\ DQG
$SSOLFDWLRQV6HFRQG9ROXPH3KLODGHOSKLD86$
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